) to 51.13 ± 3.39 (at 1600 cm 3 ), respectively. Conclusions. Added respiratory dead space evokes: increase in pulmonary ventilation, mainly in tidal volume; increase in arterial carbon dioxide pressure and decrease in pH, proportionally to the increase in dead space volume. Added dead space neither evokes hypoxemia nor intensifies anaerobic reproduction of ATP.
Introduction
there has been ample research into added respiratory dead space influence on human body activity. Most studies have focused on three aspects: increase in pulmonary ventilation (O'Donnell et al. [1] , takahashi et al. [2] ), respiratory airway resistance (Maruyama et al. [3] , Poon [4, 5] ) and arterial carbon dioxide pressure (Koppers et al. [6] , toklu et al. [7] ). these reactions are caused by the application of added dead space by means of a tube. therefore, during brea thing through the tube, a part of the expired air remains in the tube and mixes with the freshly inspired air.
thanks to the application of the tube the respiratory airway is lengthened, which causes an increase in respiratory resistance. the smaller the diameter of the airway and the bigger the velocity of the moving air, the bigger the increase.
Respiratory airway resistance evokes changes in ven tilation patterns. It has been proved that at the same values of end-tidal carbon dioxide partial pressure (PetcO 2 ) breathing through the tube always causes * corresponding author. a greater increase in ventilation than inhaling hypercapnic gas without a tube (Maruyama et al. [3] , Poon [4, 5] ).
the application of added dead space leads to the increase in cO 2 partial pressure in blood and alveoli, which is manifested by the respective increase in the values of pcO 2 and PetcO 2 . This was confirmed by the re search into added dead space carried out by Koppers et al. [6] , Toklu et al. [7] , Moosavi et al. [8] , Khayat et al. [9] and indirectly by syabbalo et al. [10] . In the ex periments of the last ones, breathing under the condition of hyperoxia caused an increase in ventilation only when the subjects were applied added dead space. It follows that the ventilatory pattern during breathing through a tube is not determined by peripheral chemoreceptors. Their findings were confirmed by Takahashi et al. [2] , Krishnan et al. [11] .
It is well known that the application of added dead space and the subsequent increase in respiratory re sistance and cO 2 partial pressure produce an increase in pulmonary ventilation. Most researchers claim that the increase in ventilation results mainly from the increase in tidal volume rather than the increase in breathing frequency (Kelman and Watson [12] , Smejkal et al. [13] , Kurotobi et al. [14] , O'Donnell et al. [1] , toklu et al. [7] ).
The scientific literature is still lacking in a com prehensive study of an added dead space. No detailed re-search on an effect of increasing volume of added dead space on the respiratory and circulatory systems of human body has been reported yet. therefore, the reason of this work is to examine the reactions of the cardiorespiratory system on separate physical exercises in the environment of the increasing volume of dead space by 200 cm 3 at a time.
Material and methods
Human volunteers: Twelve healthy male students of the University School of Physical Education in Wrocław, Poland, aged 20.4 ± 0.5 took part in the study. the mean height and body mass values were 180.4 ± 9.3 cm and 75.4 ± 11.46 kg, respectively. On account of the study, the volunteers declared the level of physical activity of 2 h per day, on average.
Exercise test: At weekly intervals all the volunteers performed nine 10-minute separate exercise tests on cycle ergometer (sport Excalibur, Lode) at the intensity of 100 Watt. On the day of the research, the subjects refrained from any other extra physical effort. A sevenday interval between the given research was used to eliminate the possibility of adaptation to dead space and overlap of training stimuli in successive research sessions.
After the first control exercise the participants breathed through a plastic tube, whose diameter was 3 cm. The volume of dead space was increased from 200 cm 3 (in exercise test no. 2) to 1600 cm 3 (in exercise test no. 9).
All the volunteers had signed a written consent to par ticipate in the study, which was approved by the local research ethics committee. the experiments took place in an air-conditioned room (24°c or 75.2°F), all at the same time of day.
Blood parameters: before and three minutes after the exercise the participants underwent fingertip blood sampling. Arterial plasma lactate by means of enzymatic method, using Dr Lange LP-400 apparatus, was measu red. then, by means of bayer 248 apparatus: carbon dioxide partial pressure (pcO 2 ), arterial oxygen pressure (pO 2 ), hydrogen ion concentration (pH) were measured, then oxygen saturation (O 2 sAt), standard bicarbonate concentration ( -HcO 3std ), actual bicarbonate concentration ( -HcO 3act ) base excess/deficit (BE(B)) were calculated.
The cardiorespiratory values: "breath by breath" registration of breathing frequency (rf), tidal volume (Vt) and pulmonary ventilation (VE) parameters was carried out for three minutes before, during and five minutes after the exercise using Quark b 2 , cosmed. simultaneously, heart rate (HR) was measured by using heart rate monitor made by Polar. The sampling line of gas analyzer was placed at the end of the plastic tube.
On the grounds of measuring limitation of the apparatus, the registration of respiratory parameters VO 2 , VcO 2 and RQ was omitted in the research. There was some risk that not the whole expired breath reached the sampling line. On the other hand, an attempt to place the sampling line at the proximal end of the plastic tube worsened the measuring conditions.
Statistical analysis: All the circulatory and respi ratory values measured at rest, during exercise and recovery were averaged. All the calculations were performed using the Statistica software (2008). Standard statistical methods were used for the calculation of means and standard deviations. The ANOVA variant analysis was used for repeated measurements and the post hoc Duncan test to identify significant differences.
For the base excess BE(B), the median was calculated, followed by Friedman's rank test and Wilcoxon's test to identify significant differences.
The statistical significance was set at p = 0.05.
Results

cardiorespiratory response
the changes in the breathing frequency (rf) are shown in Figure 1 . The distribution of significant differences is shown in Table 1 . Rf tends to increase pro portionally to the volume of added dead space, from 18.52 ± 4.76 (at 0 cm 3 ) to 26.00 ± 5.51 b/min (at 1600 cm 3 ). rf/rf 0cm 3 at 1600 cm 3 equals 1.4 (Tab. 6). It follows that rf increases by 1.4 times from 0 cm 3 to 1600 cm 3 . the changes in the tidal volume (Vt) are displayed in Figure 2 . The distribution of significant differences is shown in Table 2 . VT tends to increase proportionally to the volume of added dead space, from 1.62 ± 0.29 (at 0 cm 3 ) to 2.43 ± 0.24 l (at 1600 cm 3 ). Vt/Vt 0cm 3 at 1600 cm 3 equals 1.5 (Tab. 6). It follows that VT increases by 1.5 times from 0 cm 3 to 1600 cm 3 . the changes in the rf/Vt ratio are presented in table 6 . the rf/Vt ratio increases to 400 cm 3 , then decreases. Its value at 1600 cm 3 is lower than at 0 cm 3 . the changes in the pulmonary ventilation (VE) are shown in Figure 3 . VE tends to increase proportionally to the volume of added dead space, from 29.35 ± 4.01 (at 0 cm 3 ) to 62.42 ± 8.33 l/min (at 1600 cm 3 ). the distribution of significant differences is shown in Ta ble 3. Except for the difference between 1000 cm 3 and 800 cm 3 , all the differences are significant. The distribution of significant differences is shown in table 4. pH decreases proportionally to the volume of added dead space, from 7.41 ± 0.01 (at 0 cm 3 ) to 7.33 ± 0.03 (at 1600 cm 3 ). Figure 5 . The distri bution of significant differences can be seen in Table 5 . pcO 2 increases proportionally to the volume of added dead space, from 40.89 ± 2.27 (at 0 cm 3 ) to 51.13 ± 3.39 mm Hg (at 1600 cm 3 ). the changes in the post-exercise values of base excess (BE(B)) are shown in Table 7 . All the differences in the values of BE(B) are statistically insignificant.
the changes in the post-exercise values of arterial oxygen saturation (O 2 sAt) are presented in table 7 . the values of the parameter do not display any tendency.
All the values of O 2 SAT ranged between 94.87 ± 1.19 and 95.72 ± 0.76%.
Discussion
The objective of this study was to assess the response of circulatory and respiratory systems to separate exercises under the condition of increasing volume of dead space by 200 cm 3 at a time. As regards acid-base equilibrium aspect, it was discovered that added dead space does not evoke hy poxemia or increase in anaerobic reproduction of AtP. the characteristic symptoms of hypoxemia are decreased values of pO 2 [6] , who claim that there is no decrease in O 2 sAt during breathing through added dead space of about 3000 cm 3 for 10 min. The post-exercise values of pH decreased, while pcO 2 increased proportionally to the volume of added dead space, from 7.41 ± 0.01 to 7.33 ± 0.03 and from 40.89 ± 2.27 to 51.13 ± 3.39 mm Hg, respectively. the increased blood partial pressure of cO 2 results from the suppressed diffusion of cO 2 to alveoli. It occurs on account of increased cO 2 in the tube and alveoli, thereby decreasing the cO 2 pressure gradient between [19] ). this is caused by carbonic acid disso ciation, synthesized from carbon dioxide and water. This effect is well known mainly by the researchers who are involved in the study of hypercapnia, which is triggered by inhalation of hypercapnic gas. According to their findings, an increase in CO 2 leads to environmental acidosis, thereby inhibiting phosphofructokinase (PKF) and glycolysis (Hollidge-Horvat et al. [20] , Kato et al. [19] ). Furthermore, they report that during exercise the blood lactate level under hypercapnia is lower than un der normocapnia (Graham et al. [21, 22] , Kato et al. [19] ).
It was proved as well that under acute hypercapnia skeletal muscle contractility is reduced (Vianna et al. [23] , Mador et al. [24] ).
The relation between pulmonary ventilation and volume of added dead space is directly proportional, which is consistent with the results obtained by Kelman and Watson [12] , Smejkal et al. [13] , Kurotobi et al. [14] , O'Donnell et al. [1] , Toklu et al. [7] , Zhao et al. [25] , Koppers et al. [6] and the researchers studying the effects of hypercapnic gas inhalation.
the increase in pulmonary ventilation is mainly caused by the increase in cO 2 blood partial pressure. On the other hand, it was proved that an increase in ventilation during breathing through a tube is also re lated to respiratory resistance (Maruyama et al. [3] , Poon [4, 5] ). they found that at the same values of PetcO 2 , breathing through a tube always causes a greater increase in ventilation than inhaling hypercapnic gas. Most of the researchers involved in studying added dead space application claim that the increase in pulmonary ventilation is mainly due to the increase in tidal volume rather than breathing frequency (Kelman and Watson [12] , Smejkal et al. [13] , McParland et al. [26] , Krishnan et al. [11] , toklu et al. [7] ). this relation most probably results from the reaction of pneumotaxic and apneustic centers, which typically modify the breathing pattern during an increase in respiratory re sistance, thus bringing about an increase in tidal volume and decrease in frequency.
In the present study, both the tidal volume and breathing frequency grew proportionally to the volume of added dead space. However, as is shown in Table 6 , the rf/Vt ratio decreased after the 400 cm 3 volume of added dead space. Its value at 1600 cm 3 was lower than during the control exercise. Furthermore, using rf/ rf 0cm 3,Vt/Vt 0cm 3 ratios (tab. 6): the Vt value increased 1.5 times (by 50%) from the control exercise to the 1600 cm 3 volume of added dead space, while Rf increased 1.4 times (by 40%). It follows that this stu dy's results confirm the common opinion. Heart rate was not influenced by the application of added dead space. the parameter did not reach the sta tistical significance. This result is in accordance with those obtained by researchers studying the effects of hypercapnic gas inhalation (Graham et al. [21] , Kato et al. [19] ). In the experiment of the latter, at the end of the exercise per formed in hypercapnia HR was not significantly diffe rent from the same exercise performed without hyper capnia.
It is well known that standard respiratory muscle training provokes hyperventilation and decrease in cO 2 blood partial pressure. breathing through a tube prevents this from happening. According to Koppers et al. [6] added dead space may turn out to be an alternative respiratory muscle training method.
Conclusions
Increasing dead space volume causes a directly proportional increase of pulmonary ventilation, mainly thanks to the increase in tidal volume.
Added dead space produces neither hypoxemia nor the intensification of anaerobic reproduction of ATP.
Increasing dead space volume causes a directly proportional increase in cO 2 blood partial pressure and decrease in pH. respiratory acidosis occurs.
breathing through a tube may become an inexpensive and easy to carry out method of respiratory acidosis instigation and an alternative respiratory muscle training method.
